Background: Rotator cuff tendinopathy is a frequent cause of shoulder pain that can lead to decreased strength and range of motion. Failures after using the single-row technique of rotator cuff repair have led to the development of the double-row technique, which is said to allow for more anatomical restoration of the footprint.
Rotator cuff tendinopathy is a frequent cause of shoulder pain and can cause a decrease in shoulder strength and range of motion. Tears of the rotator cuff tendon can be repaired open or arthroscopically. In general, arthroscopic rotator cuff repair (RCR) has been found to have similar clinical outcomes when compared with the open technique. 4, 14, 16, 30 Some studies have shown a higher rate of tear recurrence with an open surgical technique compared with arthroscopy when patients were examined by magnetic resonance imaging (MRI) 4 or ultrasonography.
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Many different repair techniques for arthroscopic RCR have been described as the orthopaedic community strives to maximize tissue integrity and healing to optimize clinical strength and rehabilitation and to reduce tear recurrence. 1, 7, 10, 15, 19, 22, 28 Historically, RCR has been performed using the singlerow configuration that consists of suture anchors placed at the anatomic footprint of the rotator cuff. 31 Failure rates of the standard single-row arthroscopic RCR have led surgeons to develop alternative fixation methods such as the double-row technique. 4 This technique consists of the placement of medial row anchors at the lateral margin of the articular cartilage and placement of lateral row anchors in the lateral aspect of the footprint. Use of the double-row repair allows for a more anatomical restoration of the footprint, 5, 21, 22 increased tendon-to-bone contact area, 29 decreased gap formation after cyclic loading, 27 and improved initial fixation strength. 1, 15, 19 In a study by Ma et al, 19 double-row fixation constructs had a significantly higher ultimate load than 3 types of single-row configurations: 287 N versus 191, 212, and 250 N. 19 Ahmad et al 1 reported that double-row repair had significantly less gapping than single-row repair. However, other biomechanical studies found that there was no difference in load to failure or gap formation between single-and double-row repairs. 11, 19 One such study showed that increasing strength was due to an increase in the number of sutures. 13 Clinically, some studies have found no difference in outcomes between single-and double-row repair techniques. 6, 9 However, a systematic review of clinical arthroscopic rotator cuff repair studies (ranging from 1994 to 2009) found that, in general, the double-row repair techniques had a significantly lower retear rate compared with single-row repair techniques. 8 Another clinical study showed that, for similarly sized tears, the double-row repair technique exhibited improved radiographic healing compared with the single-row technique. 24 The purpose of this study was to compare 5 different types of suture patterns while maintaining equality in number of anchors. Using the suture bridge technique as a baseline guide, each configuration used 4 anchors. The 5 different techniques and suture configurations were as follows: (1) single-row repair with simple stitch, (2) single-row repair using a modified Mason-Allen technique, (3) double-row modified Mason-Allen technique, (4) double-row cross-bridge technique, and (5) doublerow transosseous-equivalent technique with suture bridge. Our hypothesis was that the Mason-Allen-crossed cruciform transosseous-equivalent technique, configuration 3, is superior to other suture configurations while maintaining equality in suture limbs and anchors.
METHODS
A total of 25 fresh-frozen cadaveric shoulders from 15 male and 10 female donors were used for this study. The mean age of the specimens was 71.7 years (range, 62-85 years).
The specimens were randomized into 1 of 5 suture configuration groups ( Figure 1 ): (1) single-row repair with simple stitch, (2) single-row repair with modified MasonAllen, (3) double-row Mason-Allen, (4) double-row cross bridge, and (5) double-row suture bridge. All tissues were removed from the specimen. The supraspinatus tendon was completely resected using a scalpel blade. This was completed to test only the repair and not the strength of the surrounding tissue. The supraspinatus insertion site was identified (mean anteroposterior diameter, 25 mm; mean mediolateral diameter, 17 mm). For constructs 1 through 4, we utilized 4 anchors: two 4.5-mm PEEK (polyetheretherketone) anchors (Arthrex) and two 5.5-mm titanium anchors (Arthrex), as well as 6 sutures (No. 2 FiberWire; Arthrex). For the suture bridge technique (SutureBridge; Arthrex), we used its standard 2 medial row mattress sutures with a 5.5-mm anchor and a 4-strand crosspattern configuration with the 4.5-mm pushlock anchors peripherally and 1 suture (No. 2 FiberWire; Arthrex).
For the double-row repairs, the medial row was established along the junction of the articular surface of the humeral head and the medial footprint and the lateral row was established just lateral to the lateral aspect of the supraspinatus footprint. In the lateral to medial direction, the anchors were 17 mm apart, and in the anterior to posterior direction, the anchors were placed 15 mm apart. The anterior anchors were 5 mm from the anterior edge of the footprint, and the posterior anchors were 6.25 mm from the posterior aspect of the footprint. For the lateral row repairs, the anchors were placed just lateral to the lateral aspect of the supraspinatus footprint. They were placed equidistant from each other or approximately 5 mm apart. The anterior-most anchor was 5 mm from the anterior aspect of the supraspinatus footprint, and the posterior anchor was 5 mm from the posterior aspect of the footprint.
All sutures were tied with a single hole knot pusher. The knot consisted of a series of half hitches. First, 2 half hitches were placed in the same direction. The knot pusher was then switched to the other suture limb, the knot was tightened and locked, and then 3 alternating half hitches were tied. The horizontal suture pattern was tied with an anterior post on top of the tendon. The simple sutures from the lateral anchors were tied laterally on top of the anchor. All sutures were cut with an arthroscopic suture cutter. 
Double-Row Transosseous-Equivalent Anchors With Modified Mason-Allen Suture Pattern
The 2 medial anchors that had 1 suture each made up the horizontal mattress pattern ( Figure 1C ). The sutures were approximately 5 mm apart and approximately 16 mm from the lateral anchor to the medial penetration on the tendon for the horizontal mattress sutures. The lateral row that had 2 sutures each were placed in a simple pattern and inserted into the rotator cuff medially approximately 17 mm from the lateral anchor and crossed over the medial row horizontal sutures. One suture from each lateral anchor crossed over the medial row and 1 did not.
Double-Row Transosseous-Equivalent Anchors With Cross-Bridge Suture Pattern
The 2 medial anchors that had 1 suture each were 5 mm apart and 16 mm from the lateral anchor to the medial penetration on the tendon for the horizontal mattress sutures ( Figure 1D ). The lateral row that had 2 sutures each was placed in a simple pattern and pierced the rotator cuff medially 17 mm from the lateral anchor and crossed over the medial row horizontal sutures. The 1 suture from each lateral row was tied laterally on top of the anchor. The other suture that crossed was tied to its matching suture on the other lateral anchor in a way that each anchor had a lateral simple suture and a lateral crossing suture.
Double-Row Transosseous-Equivalent Anchors With Suture Bridge Suture Pattern
The 2 medial suture anchors each had 1 suture ( Figure 1E ). That suture was placed in a horizontal suture pattern that inserted into the medial aspect of the tendon 16 mm from the lateral edge of the tendon and the suture limbs were 5 mm apart. One limb of each suture that was associated with a medial anchor was crossed and matched with a suture from the other medial anchor that was not crossed, and the sutures were secured laterally to the lateral aspect of the supraspinatus footprint with a push-in knotless anchor. The 2 pushlock anchors were 15 mm apart.
Biomechanical Testing
The humerus was secured in an aluminum pot using polyester resin material (Bondo; 3M) and 4 set screws, then rigidly fixed to the base of a materials testing machine (Instron 1321; Instron Corp). It was positioned at an incline of 135 to the long axis of the tendon to model the physiological pull of the supraspinatus tendon, as described in a previous study. 7 The proximal portion of the supraspinatus tendon was sewn using a Krackow suture technique into a piece of Dacron webbing material. The material used had a stiffness of 255 N/mm, 23 and this minimized any effect of the material on the values reported. A custom-made clamp was used to grip the tendon/webbing complex during repair and was mounted to the crosshead of a servohydraulic materials testing machine.
Specimens were kept moist with a saline spray. A 2-N preload was applied for 10 seconds, and the specimens were loaded to failure under displacement control at a rate of 1 mm/s. Load in newtons and displacement in millimeters were recorded at 100 Hz until failure. Stiffness was calculated by determining the slope of the linear portion of the load displacement curve. Gap formation was determined using the values of displacement from the Instron testing machine.
Bone Mineral Density
Bone mineral density was measured for each specimen. A sample was taken from the greater tuberosity and the glenoid. The samples were scanned with the micro-computed tomography (mCT) system (Scanco VivaCT 40; Scanco Medical AG) using a voltage of 70 kVp and a current of 114 mA at 10-mm resolution. A cylindrical volume of interest was selected, and the bone mineral density was determined using software from the manufacturer.
Statistics
An a priori power analysis (alpha, 0.05; power, 0.80; effect size f, 0.90) revealed that 5 shoulders per group were necessary to conduct this study. Data were analyzed by analysis of variance (ANOVA) using SPSS statistical software, version 17.0 (SPSS Inc). Data were considered significant if P < .05. Results were graphed as mean ± standard error.
RESULTS
There was no significant difference in peak load at failure for any of the groups (P > .05). The mean (±SE) peak load was 378. There was no significant difference in stiffness for any of the groups (P > .05). The double-row cross-bridge technique was the stiffest construct (20.5 ± 6.9 N/mm). The mean stiffness was 18.5 ± 6.3 N/mm for the double-row suture bridge, 17.9 ± 10.7 N/mm for the single-row Mason-Allen, 15.1 ± 4.4 N/mm for the double-row Mason-Allen, and 13.6 ± 9.0 N/mm for the single-row simple stitch (Figure 3) .
There was no significant difference in maximum displacement at failure (P > .05). The single-row MasonAllen technique lengthened the most at failure (30.3 ± 8.3 mm). The mean maximum displacement at failure was 28.0 ± 4.9 mm for the single-row simple, 25.9 ± 10.9 mm for the double-row suture bridge, 26.8 ± 3.0 mm for the doublerow Mason-Allen, and 24.6 ± 5.6 mm for the double-row cross-bridge technique (Figure 4 ).
For the single-row simple stitch, 3 of the repairs failed when the suture tore through the tissue, 1 failed at the anchor, and 1 failed when the tissue tore through the anchors. For the double-row Mason-Allen technique, all failures occurred when the suture tore through the tissue. For the single-row Mason-Allen technique, the majority of the failures were again at the tissue. However, 1 failure occurred at the anchor and in 1 case the suture itself broke. In the double-row cross-bridge group, again, 4 of the specimens failed when the tissue tore and 1 failed at the anchor. In the double-row suture bridge group, 2 failed when the suture tore through the tissue, 2 failed at the anchor, and 1 failed when the suture broke.
The mean bone mineral density for each group was (1) 767.8 ± 39.3 mgHa/cm 3 , (2) 763.7 ± 25.5 mgHa/cm 3 , (3) 764.9 ± 37.5 mgHa/cm 3 , (4) 737.8 ± 51.8 mgHa/cm 3 , and (5) 763.0 ± 34.7 mgHa/cm 3 . There was no significant difference between the groups (P > .05).
DISCUSSION
The purpose of this study was to examine the load to failure, stiffness, and maximum displacement at failure of 5 different suture patterns commonly used for rotator cuff repair at time zero. The number of anchors was consistent between the groups to examine suture pattern only. These results did not confirm our original hypothesis that the Mason-Allen-crossed cruciform transosseous-equivalent technique, configuration 3, is superior to other suture configurations while maintaining equality in suture limbs and anchors. We found no significant difference in the biomechanical properties of these patterns. All had very similar load to failure and stiffness values.
Previous in vitro studies have shown the double-row repair to be superior to the single-row repair. 1, 5, 15, [18] [19] [20] [21] [22] 26, 27, 29 Ma et al 19 compared the double-row technique with 3 single-row techniques and found that the double-row technique had a higher load at failure than the other repair techniques. Smith et al 27 compared a single-row repair with a single anchor and 2 sutures to a double-row repair with 2 anchors and 2 sutures. In this study, they found that the single-row repair had significant higher gap formation. 27 There was also a trend indicating that the single row had a lower load to failure value. 27 Kim et al 15 also found that the double-row repair method improved strength and stiffness and more adequately restored the footprint. A recent biomechanical study examining single-row, double-row, and transosseous-equivalent techniques in an in vivo rabbit model found that the transosseous-equivalent technique was the strongest, followed by the double row and then single row. 25 Other in vitro studies have found no biomechanical difference. 3, 17 Behrens et al 3 examined the difference in gap formation between the transosseous-equivalent and transosseous-equivalent with suture bridge. In this study, they used 4 sutures in each group. 3 They did not find a significant difference between the RCR techniques. 3 This study examined cyclic loading only, not load to failure. 3 Lorbach et al 17 examined the biomechanical properties and footprint coverage of single-and double-row repairs in medium to large rotator cuff repairs. They found similar values for cyclic displacement and load to failure. 17 They also found that while the double-row technique had a larger footprint, both techniques achieved complete footprint coverage. 17 A recent study examined the strength of single-row repair using 2, 4, and 6 sutures and a 4-suture doublerow repair. 13 This study showed increasing strength as the number of sutures was increased. 13 The 4-suture doublerow repair was similar to the simple 4-suture repair. 13 Our results somewhat support the research that suggests that the number of sutures and not the pattern can affect biomechanical properties, although the constructs with 4 sutures did not have higher load to failure than the suture bridge technique, which consisted of 2 sutures.
Clinical studies have generally reported no difference in clinical outcomes between single-and double-row repairs, 2, 6, 7, 12, 28 although radiological differences 28 and improvement in footprint coverage has been noted. 5 A prospective study examining the difference in outcomes for patients with a supraspinatus tear repaired with a modified single-row Masson-Allen technique or a modified suture bridge double-row technique found no significant difference between the 2. 12 Another study prospectively compared single-versus double-row configurations for rotator cuff repair and found no difference with regard to functional shoulder scores; however, tendon healing was better with the double-row repair at 6 months using computed tomography arthrography. 7 A similar study conducted by Sugaya et al 28 reported no clinical difference when comparing single-with double-row repairs for rotator cuff. However, better rotator cuff integrity was shown in MRI evaluation at follow-up. 28 More recently, the ''transosseous-equivalent'' or suture bridge configuration has been developed as an advancement of the double-row concept. A case series evaluating this technique with MRI studies concluded that 88% of the 25 patients had an intact rotator cuff repair after at least 1 year of follow-up. This indicates excellent rotator cuff healing compared with most standard arthroscopic RCR studies. 10 Limitations of this study are similar to those reported for any cadaveric study, including the age of the specimens utilized. In addition, we did not examine cyclic testing because we were looking to compare the initial strength of each repair at time zero.
CONCLUSION
In our study, there was no significant difference in peak load or stiffness when comparing 5 different rotator cuff repair methods. These data provide information about the initial strength of the repair at time zero only and do not account for healing. According to our results, other factors should be considered when choosing a repair technique such as number of sutures in the repair to judge the strength of the repair.
